A combined Fokker-Planck numerical analysis of the quasi-linear plasma-ion-cyclotron (IC) wave interaction and collisional relaxation of minority ion tails created by IC absorption was performed in order to determine the characteristic fast-ion parameters that are necessary for addressing some of the main ITER burning plasma physics issues, e.g. fast-ion transport due to collective mode excitations, cross-scale couplings of micro-turbulence with meso-scale fluctuations due to energetic particles, etc. These investigations refer to actual scenarios of the Fusion Advanced Studies Torus (FAST), a conceptual tokamak design operating with deuterium plasmas in a dimensionless parameter range similar to that of ITER and equipped with IC resonance heating (ICRH) as a main heating scheme. The destabilization and saturation of fast-ion driven Alfvénic modes below and above the energetic particle modes stability threshold are investigated by numerical simulations with the HMGC code, which assumes the anisotropic energetic particle distribution function accelerated by ICRH as input. The results of this study, obtained by integration of different numerical simulation analyses aimed at investigating the various relevant physics, are presented and discussed.
Introduction
The main difference between present experiments and ITER will be the presence of alpha particles produced in DT reactions as the main heating source. Fusion alphas, with small characteristic orbit size (compared with the machine size), will mainly heat electrons and excite meso-scale fluctuations, in contrast to present day experiments where, in general, relatively low energy fast ions, such as those generated by neutral beam injection, are characterized by medium or large orbit size and transfer their energy to thermal plasma ions while exciting macro-scale collective modes. The key control physical quantity for accessing burning plasma relevant dynamic regimes is plasma current, which is directly connected with particle orbit widths normalized to the machine size. Higher current means smaller fast particle dimensionless orbits as well as relatively high density and low temperature, which are reflected in lower critical energies above which fast particle predominantly heats electrons via collisional slowing down [1] [2] [3] [4] .
Minority ions, accelerated by radiofrequency (RF) waves up to energies of the order of ∼1 MeV, are characterized by dominant electron heating. Meanwhile, the use of ion-cyclotron resonance heating (ICRH) in the minority scheme (H or 3 He) in D plasmas can indeed produce fast particles that, with an appropriate choice of the minority concentration, of the RF power and of the plasma density and temperature, reproduce the dimensionless parameters ρ * H and β H characterizing the alpha particle dynamics expected in ITER, provided that plasma current is sufficiently high [1] [2] [3] [4] . Here, ρ * H is the fast particle Larmor radius normalized to the torus minor radius and β H the fast particle beta. Meanwhile, characteristic thermal plasma dimensionless parameters as well as plasma-wall interaction conditions can be 'simultaneously' chosen to be close to ITER relevant values [4, 5] . Thus, assuming ITER-like geometry and equilibrium profiles, a device operating with deuterium plasmas in a dimensionless parameter range as close as possible to that of ITER and equipped with ICRH as a main heating scheme would be able to address a number of important burning plasma physics issues, e.g. fast-ion transport due to collective mode excitations and cross-scale couplings of micro-turbulence with meso-scale fluctuations due to energetic particles themselves [3, [6] [7] [8] [9] [10] . Precious information about the fundamental dynamic behaviour of fast ions in burning plasmas can be obtained by experimental studies of the fast-ion tail produced by ICRH despite their different distribution function with respect to that of fusion generated alpha particles [1] . In fact, more than the details of the velocity space distribution function, it is the mode number and frequency spectrum (normalized to the Alfvén frequency) of the MHD and kinetic modes excited that determines fast-ion transport and cross-scale couplings between mesoscale phenomena and micro-turbulence [4, [6] [7] [8] [9] [10] . Another important aspect, which influences transport processes, is the radial profile of the fluctuation intensity; thus, radial profiles of the absorbed additional power density play a crucial role [6] [7] [8] and increased flexibility could be achieved using negative neutral beam injection (NNBI) sources in the MeV energy range [4, 5] . The aim of this paper is to determine the characteristic fast-ion parameters that are necessary for addressing the aforementioned burning plasma physics issues and to present a preliminary stability analysis of collective modes excited by the ICRH induced energetic ion tail. As already mentioned, the criteria are [4, 5] (i) appropriate choice of the supra-thermal tail temperature T H in order to ensure dominant electron heating (fix the electron temperature T e as discussed in [4] ); (ii) choose plasma current and density so that mode number and frequency spectra of collective fluctuations excited by the energetic ions are close to those of ITER; (iii) determine ICRH power input necessary for obtaining the desired β H and the minority density needed for a suprathermal tail temperature consistent with (i). Note that these conditions are by themselves sufficient to completely define equilibrium quantities of relevance for integrated burning plasma physics studies; the only additional prescriptions are set by the choice of T e as discussed in [4] and such that τ SD /τ E ∼ = const < 1, given a typical value of relevance for burning plasma operations [4, 5] . Here, τ SD is the suprathermal ion slowing-down time and τ E the energy confinement time. This last condition ensures electron-ion equipartition, so that electron and ion temperatures are maintained reasonably equal, T e ∼ = T i = T , as well as operations at constant thermal and fast particle β, β H /β ≈ τ SD /τ E . Following these ideas and the corresponding scientific rationale, the Fusion Advanced Studies Torus (FAST) has been proposed as a conceptual tokamak design operating with deuterium plasmas in a dimensionless parameter range similar to that of ITER for integrated burning plasma physics studies [4, 5] . The scope and capability of FAST of addressing many of the relevant issues connected with burning plasma operations are discussed elsewhere [4, 5] , and are therefore not addressed in this work. Here, we solve the coupled problems of ICRH propagation and quasi-linear absorption. The 2D full-wave code 'TORIC' [11] is used in connection with the 'SSQLFP' code, which solves the quasi-linear Fokker-Planck equation in 2D velocity space [12] . Using FAST H-mode reference equilibria considered in [5] , power deposition profiles on the ion minority, majority and electrons are determined first; then, the effective temperature of the minority ion tail and the fraction of fast ions are evaluated consistently. Moreover, quasi-linear analyses determine how the power absorbed by the minority tail is redistributed by collisions among the main thermal plasma particles: electrons and majority ions. A bi-Maxwellian distribution for energetic particles, which takes into account the anisotropy in the velocity space (T ⊥ > T ) due to ICRH, has been used as initial velocity space distribution function for a parametric study, based on density and temperatures profiles of the fast-ion population given by the quasi-linear Fokker-Planck code (SSQLFP), investigating the destabilization and saturation of fast-ion driven Alfvénic modes below and above the energetic particle modes (EPMs) stability threshold [13] . In particular, the resonance structure in the velocity space has been detected by means of synthetic diagnostics, which have been described in [14, 15] . Numerical simulation results, based on the HMGC hybrid code [16, 17] , will be presented and discussed.
The paper is organized as follows: in section 2, numerical results of the combined Fokker-Planck analysis of the quasi-linear plasma-ion-cyclotron (IC) wave interaction and collisional relaxation of ICRH minority ion tails are presented and discussed in detail for the FAST H-mode reference scenario (table 1). The relevant quantities characterizing burning plasma dynamics are determined and are used for preliminary stability studies of Alfvénic modes and related fast-ion transport. More detailed investigations will be reported in a separate work, addressing the issues of fast-ion non-linear behaviours and their sensitivity on ICRH power deposition profiles by means of the HMGC hybrid code [16, 17] . Finally, discussions of the results and conclusions are given in section 3. In appendix A, meanwhile, the theory of quasi-linear absorption is outlined and the relevant onedimensional analytic limit of the Fokker-Planck equation is recovered together with the Stix analytic formulae [18] . Although appendix A does not contain novel results, it is reported here for those readers who may be interested in understanding the quantitative results presented in the paper with the support of simplified qualitative analytic formulae.
Numerical simulations of integrated scenarios and stability analysis of fast-ion induced collective modes
FAST is a versatile tokamak conceptual design [4] , which can operate in H-mode as well as in steady-state operation (SSO) [5] . Its scope and capability of addressing many of the relevant issues connected with burning plasma operations are discussed in detail in [4, 5] ; thus, they will not be further addressed in this work. Here, for the readers' convenience, we recall that FAST is a compact tokamak (R = 1.82 m, a = 0.64 m and plasma volume of ∼23.5 m 3 ) with high toroidal field (B T up to 8.5 T) and plasma current (I p up to 8 MA), designed to closely match ITER geometry (elongation K = 1.7, triangularity δ = 0.4) and radial equilibrium profiles. In order to study fast particle behaviour in conditions similar to those of ITER, FAST has been provided with a dominant ICRH system (30 MW on the plasma); it also foresees the use of 6 MW of lower hybrid current drive (LHCD), essentially for plasma control and for non-inductive current drive (NICD) and of electron cyclotron resonance heating (ECRH, 4 MW) for localized electron heating and plasma control. The ports have been designed to accommodate up to 10 MW NNBI in the energy range 0.5-1 MeV. The total power input will be in the 30-40 MW range in the different plasma scenarios with a wall power load comparable to that of ITER (P /R ∼22 MW m −1 ) [4, 5] . The FAST plasma operation space and flexibility is summarized in table 1: the six operating scenarios foresee two H-modes (reference and high-performance), one Hybrid scenario, two advanced tokamak (AT) scenarios and one full NICD operation regime, where the non-inductive current I NI can provide the whole plasma current and the current flat-top lasts up to ∼50 resistive diffusion times τ Res times. The power threshold for L-H transition, P th H , is always exceeded by the available additional power. Of the two different H-mode scenarios shown in table 1, in our analysis we consider the H-mode reference scenario (column 1).
Power deposition profiles and self-consistent plasma evolution
The FAST H-mode reference scenario is reached by dominant ICRH additional heating, which provides the condition for the plasma to make a transition to the H-mode and, at the same time, using the 3 He minority heating scheme in D plasma, accelerates a large fraction (∼50%) of the minority species above the critical energy, making it possible to investigate energetic particle physics in conditions similar to those of burning plasmas. To simulate the interaction of the IC wave with the plasma and, at the same time, to follow the simultaneous evolution of the profiles (density, temperature and current) self-consistently, we have used the JETTO code [19] coupled with the full wave electromagnetic codes TORIC and SSQLFP. The SSQLFP code, as mentioned before, solves the bi-dimensional Fokker-Planck equation and allows us to calculate the effective temperature of the energetic tail as well as the spatial density profile of the energetic ion minority fraction 1 . With this information, we can consistently construct the profiles of the quantities characterizing burning plasma dynamics, namely β H , ρ * H and other quantities reported below. The antenna parameters we have considered for this study are the following: (1) coupled ICRH power in the range 20-30 MW by essentially using two reference frequencies f 1 = 67 MHz and f 2 = 84 MHz, such that the absorption layer can be moved from the off-axis low-field side radius
(2) power spectrum centred at parallel wave-number n = 5 and sufficiently broad n = 5, this is in order to maximize the transfer of energy from the wave to the minority ions. The power level and the power spectrum are deduced from TOPICA calculations [20, 21] and are consistent with the antenna design and location. Moreover, we have considered operations at toroidal magnetic field B T = 7.5 T with plasma current I p = 6.5 MA. Concerning density and temperature profiles, we have assumed those obtained by JETTO at the time of ICRH power injection, t = 7 s [5] . In particular, we have a central density of n e0 = 2.4 × 10 20 m −3 and electron and ion temperatures T e0 = 2.6 keV and T i0 = 2.4 keV. We consider a generalized parabolic profile for density n(r/a) = n 0 (1 − (r/a) γ ) α , with γ = 2 and α = 0.2, and linear profiles for temperatures T e/i (r/a) = T e0/i0 (1 − (r/a)). When applying ICRH power (at t = 7 s in the discharge evolution) with a 1% fraction of 3 He minority (minority heating), the power density deposition profiles (PDDPs) are sketched in figure 1, where the power density is given in W/cm 3 versus the normalized radius: the 'dotted line' indicates the power, which is absorbed by 3 He, and the 'solid line' the power to electrons via Landau damping. The power density deposited on minority ions is redistributed to the bulk deuterium ions and bulk electrons on the collisional time-scales. Meanwhile, the quasi-linear code SSQLFP allows us to calculate the fraction as well as the spatial profiles of the final power density deposition on the majority deuterium ions and electrons, as reported in figure 2 . The PDDP in W/cm 3 is shown versus x = r/a for majority ions (dotted line), electrons (collisional plus direct RF heating, solid line) and minority ions (dashed line). These PDDPs are used in the JETTO code as input for a successive iteration (t = 8 s). The large amount of injected power (P ICRH = 30 MW) triggers a L-to-H-mode transition, which is accounted for by JETTO; as a consequence, ion and electron temperatures increase up to 6 keV, with a quasi-parabolic profile, and the density flattens remarkably, reaching the value 1.3×10 20 m −3 at the separatrix. Figure 3 shows the PDDPs (calculated taking collisional power density redistribution into account) obtained when using as input density and temperature profiles obtained at the previous step for t = 8 s. It is evident from figures 2 and 3 that the electrons are predominantly absorbing energy by collisions with energetic ion minority. Also the relatively large fraction of direct RF electron heating is consistently computed and is essentially due to the high electron temperature. The PDDPs shown in figure 3(a) are used as input to the JETTO code to compute further plasma evolution (from t = 8 s to t = 9 s). We have run the 'TORIC-SSQLFP' code assuming this new plasma target as reference equilibrium and obtaining the PDDPs (on the collisional time scale) shown in figure 3(b). As a result, ion and electron temperatures further increase and reach the value of 13 keV with a broad quasi-parabolic profile and a pedestal temperature of about 2 keV at the separatrix. It is interesting to note that the effect of this new target on plasma heating is essentially to broaden the deposition profiles for both deuterium ions and electrons. The parallel and perpendicular tail temperatures radial profiles for the iterations at the time t = 8 s (a) and t = 9 s (b) are shown in figure 4 , where the effective perpendicular temperature (dotted line for t = 8 s and solid line for t = 9 s) and the effective parallel temperature (dashed line for t = 8 s and dashed-dotted line for t = 9 s) of the suprathermal minority tail are shown versus the normalized radius, indicating the broadening of the effective temperature profile with a T ⊥ peak, which increases from 720 to 760 keV, well above the critical energy value. The fraction of the minority species, denoted by n H , present in the high energy tail is plotted in figure 5 versus the normalized plasma radius, (a) for the t = 8 s iteration and (b) for the t = 9 s iteration. This fraction is calculated by integrating the ion distribution function in the velocity space at each radial position, using the critical energy as a lower cut-off in the integration. In the resonant layer region, the hot minority ion fraction reaches up to 50% of the total minority ions. Summary plots are finally presented in figure 6 , which show the evolution of the parallel (figure 6(a)) and perpendicular (figure 6(b)) effective temperatures, and of the 'tail' minority fraction ( figure 6(c) ) for all the three iterations, corresponding to three different times of the discharge (t = 7 s, t = 8 s, t = 9 s) and a total 30 MW ICRH power coupled to the plasma. A last iteration from t = 9 s to t = 10 s, made by JETTO using the power deposition parameters of figure 3(b) as input, and not reported in the plots, shows that a steady-state situation is reached, without further appreciable changes in temperature values and equilibrium profiles. Thus, we may conclude that, in the present integrated time-dependent numerical simulation, ICRH is consistently forming the suprathermal minority ion tail as conceived in the FAST H-mode reference scenario [4, 5] . A parametric study of ICRH absorption has been performed varying the resonant layer (changing the applied frequency from 67 to 84 MHz), the coupled wave spectrum and the minority concentration, aimed at understanding the effects of these quantities on the power coupled to the minority ions, on the effective tail temperature and on the tail minority fraction. In particular, we analysed the effect of increasing the minority fraction from 1% to 3% on the power absorption by the minority species. The power absorbed by the minority ions reduces by increasing the minority concentration, consequently the effective temperature is also reduced, consistently with equation (A.3) . Varying the applied frequency results in a change in the deposition profile location. Increasing the applied frequency, the absorption layer moves towards the plasma centre, the effective temperature, as a consequence of a higher local electron temperature, tends to increase allowing the energetic minority ions to reach values above 1 MeV. If the applied frequency is sufficiently high the resonant layer moves to the high-field side location; this allows bringing high energetic ions and, consequently, the instabilities connected to them in an internal zone at a higher magnetic field. These results demonstrate the flexibility of the FAST ICRH system in providing different fast-ion effective temperatures as well as radial power density profiles, which are important to both linear and non-linear Alfvénic mode dynamics as well as the related fast-ion transport [6] [7] [8] .
From these results from numerical simulations of integrated FAST H-mode plasma scenarios, it is possible to calculate characteristic fast-ion parameter profiles, which are relevant for stability analyses of fast-ion induced collective modes; i.e. in addition to the supra-thermal minority ion quantities discussed so far, the fast-ion beta, β H , and the ballooning factor α H = −(Rq 2 /a)(dβ H /dx). They can be directly evaluated from the effective temperature profiles and from the minority tail density profile n H (x), as given in figures 6(a)-(c). Due to the anisotropy of the ICRH induced supra-thermal minority tail, both β H and α H are characterized by their perpendicular as well as parallel components.
Using the standard definition of β H⊥ (x) = (8π/B 2 0 ) × n H (x)T H⊥ (x), its radial profile is reported in figure 7 for the JETTO iterations (t = 7 s, t = 8 s, t = 9 s) discussed above. For the last iteration (t = 9 s), the value of β H⊥ at the point of maximum effective temperature is β H⊥ ≈ 0.7% Note that this value is obtained assuming a FAST H-mode reference scenario with low-field side off-axis ICRH deposition. The low-field side off-axis deposition is a nonoptimal condition for generating supra-thermal minority ion tails with ICRH. Even though this scenario is not optimized, the obtained β H⊥ values are consistent with those of ITER H-mode [15] . In figure 8 , the value of the ballooning factor α H⊥ = −(R 0 /a)q 2 (dβ H⊥ (x)/dx) is plotted versus x for the last iteration t = 9 s. Also in this case, at the point of maximum β H⊥ gradient, α H⊥ ≈ 0.25 and these values are consistent with those in the ITER reference scenario SC2 [15] . This demonstrates that the FAST H-mode reference scenario is capable of reproducing ITER relevant fast-ion parameters even under the non-optimal ICRH absorption conditions, assuming that the total ICRH coupled power is 30 MW. Analogously, we can prove the similarity of the mode number and normalized frequency spectra for Alfvénic fluctuations in FAST and ITER (see section 2.2). The analysis so far and the information we have extracted by the combined use of the JETTO and TORIC-SSQLFP codes are used in the following section for studying collective mode excitations by the suprathermal ICRH induced minority ion tail and the corresponding fast-ion transport with the HMGC hybrid MHD-gyrokinetic code [16, 17] .
Hybrid MHD-gyrokinetic simulations of fast-ion induced collective fluctuations
HMGC [16, 17] is a 3D hybrid MHD-particle simulation code that properly takes into account kinetic effects and non-linear dynamics with a particle in cell (PIC) approach. In our analyses, HMGC is the code adopted to simulate the interaction between energetic ions and Alfvén modes. This code has recently been extended to handle the case of anisotropic Maxwellian velocity space fast-ion equilibrium distribution function, such as that expected for ICRH [14] . Crucial physics issues in burning plasma, including energetic particle excitations of collective meso-scale fluctuations belonging to the Alfvén spectrum and their cross-scale couplings with micro-scale turbulence, can be addressed in FAST. In this conceptual device, the Alfvén fluctuation spectrum is dominated by the same toroidal mode numbers (15 n 25) that will be relevant in ITER and is characterized by the same frequencies expressed in units of the Alfvén frequency. This is a consequence of the scientific rationale on which FAST is constructed [4, 5] and, more precisely, of the criteria (i)-(iii) discussed in the introduction. References [4, 5] analyse in depth these issues and demonstrate that core and edge plasma similarity to burning plasmas, on which the FAST conceptual design is based, can be derived from the corresponding energetic particle criteria and viceversa [4, 5] . Once T e is chosen as discussed in [4] and such that τ SD /τ E ∼ = const < 1 (T e ∼ = T I = T due to good electronion equipartition), T H⊥ of the supra-thermal 3 He minority tail is determined in order to have ≈70% of collisional power transfer from fast ions to electrons. For the FAST H-mode reference scenario, we have T H⊥ ∼ = 750 keV [4, 5] 
Here, A H and Z H are the fast-ion mass and charge numbers, respectively. For the supra-thermal 3 He minority tail and comparing FAST and ITER reference scenarios from table 2 of [4] , we then readily obtain ρ * H ∼ 1.1ρ * α,ITER for E H⊥ = T H⊥ = 750 keV and E α⊥ = (2/3)E α . 2 The slight discrepancy with the direct computation given in [4, 5] is to be attributed to the non-exact equivalence of FAST and ITER current profile and equilibrium geometry. Note, however, that resonant waveparticle interactions are crucially important for Alfvénic mode excitations by energetic particles [6] [7] [8] 22 ]. For wave-particle resonances with a bi-Maxwellian distribution, characteristic of ICRH minority heating, wave-particle interactions are strongest for E H⊥ ∼ = (5/2)T H⊥ [23, 24] 3 . Smaller corrections to the (5/2) factor can be computed [23, 24] , but they are not necessary for our present purpose of giving simple estimates based on equation (1) . Thus, equation (1) yields ρ * H ∼ 1.8ρ * α,ITER when applied to resonant particles. This subtlety, involved with the comparison of ρ * H between resonant fast particle populations characterized by different distribution functions, is mentioned in [5] and does not significantly affect the general criterion used therein and in [4] . Assuming wavenumber spectrum invariance, ensured by the choice of I p , the preservation of the normalized frequency spectrum (criterion (ii) of section 1) reduces to the following condition on plasma density (n e )
where A eff is the effective core plasma mass number (due to isotopic composition). With the scaling (2) is consistent with the dependence n ∝ 1/R discussed for FAST [4, 5] ; thus, preservation of the normalized frequency spectrum of collective modes excited by fast ions is self-consistently built in the FAST operation scenarios. Investigating linear and non-linear dynamics of (15 n 25) Alfvénic oscillations is extremely demanding in terms of high performance computing (HPC) availability: these analyses will represent a significant part of FAST theory and modelling activities. For this reason, we have so far limited our investigations of high-n modes to a few paradigmatic cases, and confined our analyses to moderate mode numbers. In this work, our aim is to demonstrate that FAST can address collective mode excitation by resonant wave-particle interactions with energetic ions even under the non-optimized conditions discussed in section 2.1, i.e. low-field side off-axis minority ICRH; thus, confirming the flexibility of this conceptual design for analysing burning plasma physics issues. Incidentally, we note that the possibility of generating a significant fast-ion population at varying spatial locations from the low-field side to the high-field-side off-axis positions is important for probing different cross-scale coupling conditions between micro-and meso-scale fluctuations.
In order to show the dependence of the Alfvén fluctuation spectrum on the mode number [3, [6] [7] [8] , we discuss and compare the simulations of two moderate-ncases with n = 4 2 Note that sometimes E α ⊥ = E α is used rather than E α ⊥ = (2/3)E α , overestimating, thus, ρ * α,ITER . 3 For a slowing-down distribution function, typical of (N)NBI and fusion αs, wave-particle interactions are strongest for E H ⊥ = (E H0 ) ⊥ , with E H0 the birth energy [23, 24] . and n = 8. Linear and saturated spectra are presented together with numerical simulation results on fast particle transport due to Alfvén mode excitation. More detailed investigations, addressing the issues of fast-ion non-linear behaviours and their sensitivity on ICRH power deposition profiles, will be reported in a separate work, as anticipated in section 1.
Numerical simulations are performed assuming a bi-Maxwellian initial fast particle distribution function in the form [14] 
where, n H (x) is the supra-thermal minority tail density as a function of the normalized radial coordinate x = r/a, µ is the magnetic moment, B min (x) is the minimum B-field at the magnetic surface labelled by x, E is particle energy and other symbols are standard. In the following simulations, the functions n H (x), T H⊥ (x) and T H (x) are those computed in section 2.1 for the FAST H-mode reference scenario [4, 5] and summarized in figure 6 (third iteration, t = 9 s). Note that F H is not given as a function of constants of motion only, since spatial dependences appear via x rather than via toroidal canonical angular momentum. This choice is motivated by the necessity of 'loading' the supra-thermal tail distribution function in a form as close as possible to that computed by TORIC-SSQLFP [11, 12] , which neglects finite banana-width effects. Consequences of the fact that x dependences appear in equation (3) are discussed in [25, 26] : the most evident one is the 'prompt relaxation' of F H [26] , which is broadened in space due to finite magnetic drift orbit width effects. This problem is not severe for FAST, in which dimensionless orbits are small, consistently with the machine missions [4] .
Since we are considering trapped particle excitations, dominated by precession and precession-bounce resonance interactions, the long wavelength limit (moderate-n) is expected to favour low frequency fishbone-like modes [3, 7, 8, 14, 15] . In figure 9 , contour plots of Alfvén mode intensity (represented by the scalar potential fluctuation normalized to (T H⊥ /Z H e) on axis) in the (r/a, ω/ω A0 ) plane are shown for n = 4 (a) and n = 8 (b) during the linear instability phase. Here, ω A0 is the on-axis Alfvén frequency, ω A0 = v A0 /R 0 . The shear Alfvén continuous spectrum is also shown (black lines) along with the precession (ω = ω dH ) and precession-bounce resonances (ω =ω dH + lω BH ; l = ±1, ±2, . . .), which are distinguishable by different colours. Mode excitation is clearly dominated by precession (ω =ω dH ) and l = −1 precession-bounce resonances (ω = ω dH − ω BH ) in the early phase of linear instability, when most unstable modes emerge. The corresponding non-linear saturation phase is shown in figures 10, where a much richer spectrum of modes is observed, as expected. The larger-n case confirms the theoretical prediction that the Alfvén fluctuation spectrum in FAST will be dominated, as in ITER, by a dense spectrum of modes with characteristic frequencies and radial locations [3, [6] [7] [8] .
Radial mode structures for the n = 8 mode are shown in figure 11 , given as poloidal mode number Fourier decomposition during linear destabilization and non-linear saturation. Figure 12 , meanwhile, represents the same mode structures in 2D (the n = 8 mode) for both linear destabilization (a) and non-linear saturation (b), shown as contour plots of the scalar potential fluctuation in a toroidal plasma cross section. Figures 13 and 14 illustrate the effect of n = 4 and n = 8 Alfvénic modes on supra-thermal tail ion transport, respectively. Radial β H profiles in the saturated phase are compared with the initial profiles after the 'prompt-relaxation' described above [26] . In particular, the red dashed line represents β H⊥ , the dotted green line β H and the full shaded area (blue) the sum (2/3)β H⊥ + (1/3)β H . Comparisons of radial profiles in figures 13(a) and 14(a) with those of figure 7 show that radial profiles are broader after 'promptrelaxation' due to finite banana width and thereby less peaked. Numerical simulation results indicate that local fast particle redistributions are to be expected in the considered FAST H-mode reference scenario [14] . Figures 13(b) and 14(b) indicate similar effects of n = 4 and n = 8 modes on fast-ion transport is a consequence of the radial self-trapping of the mode by the energetic particle radial profile [24] and by the similar instability drive at n = 4 and n = 8 (moderate mode number). This is consistent with theoretical predictions and confirms the crucial role played by the energetic ion radial power density profile [6] [7] [8] . In this respect, the flexibility of the FAST ICRH system, which allows sweeping the IC resonant absorption layer from the off-axis low-field-side radius x = ((R − R 0 )/R 0 ) = 0.3 (analysed here) to the off-axis highfield-side radius: x = ((R − R 0 )/R 0 ) = −0.3, ensures the possibility to explore a wide range of collective mode excitations and related fast particle transport. This flexibility would undoubtedly be improved by the 10 MW NNBI system discussed in [4, 5] .
The present results are encouraging and suggest further investigations aimed at multi-mode simulations in the high-n (15 n 25) spectral region, where the dominant Alfvén activity is expected in FAST as in ITER. These studies will be reported in a separate work. 
Conclusions
Linear and quasi-linear calculations of ICRH wave absorption have been extensively carried out for the FAST conceptual tokamak device, using a time-dependent plasma target modelled by the JETTO transport code. This study is devoted mainly to the analysis of energetic particle physics in burning plasma experiments and it has been carried out by combining several numerical tools such as the JETTO, TORIC and SSQLFP routines. Even though the antenna and plasma parameter are not optimized to maximize the effective temperature of the energetic tail, the obtained results show that the fast-ion parameters relevant for collective mode excitations are consistent with those expected in corresponding ITER scenarios, e.g. the ITER reference scenario SC2. In particular, it has been shown that the H-mode scenario is well designed to study the effects of alpha particle dynamics in driving meso-scale instabilities and to investigate the cross-scale coupling between meso-and micro-scale fluctuations, due to the possibility of generating significant fast-ion populations at varying spatial locations from the low-field side to the highfield-side off-axis ICRH resonance (−0.3 r/a 0.3).
Collective mode excitations by supra-thermal tail minority ions and corresponding fast particle transport have been studied in hybrid simulations with the HMGC code for the FAST H-mode plasma reference scenario. With the aim of demonstrating the FAST ICRH system flexibility, we have investigated the case of IC resonant absorption at the off-axis low-field-side radius r/a = 0.3. These preliminary analyses refer to single-n numerical simulations of n = 4 and n = 8 modes and confirm the theoretical prediction that the Alfvén fluctuation spectrum in FAST will be dominated, as in ITER, by a dense spectrum of modes with characteristic frequencies and radial locations.
Numerical simulation results confirm the crucial role played by the energetic ion radial power density profile in determining both linear and non-linear Alfvén mode dynamics as well as fast particle transport. Thus, the flexibility of the FAST ICRH system in controlling the launched IC wave spectrum and the IC resonant absorption layer allows investigations of these physics in a wide range of plasma conditions. Further flexibility is ensured by the possibility of FAST to accommodate a 10 MW NNBI system.
The present results motivate further investigations aimed at multi-mode simulations in the high-n spectral region, where the dominant Alfvén activity is expected in FAST as in ITER. These studies are both challenging and intellectually stimulating since they address the core issues of complex dynamic behaviours in burning plasmas, which have practical impact in preparing ITER operations. For this reason, these analyses will represent a significant part of FAST theory and modelling activities.
to investigate optimal conditions that allow us to achieve and control the desired ICRH power deposition profiles, the solution of the wave equation is obtained numerically in flux coordinates, taking into account the wave spectrum radiated by the antenna and exploring the solution in various ranges of the parameter space. Following [12] , the Fokker-Planck equation that governs the evolution of the ions (minority and majority) distribution function can be written as where J p (k ⊥ v ⊥ / ) is the Bessel function, with p = 0 in the case of fundamental minority heating and p = 1 for the second harmonic heating and E + is the co-rotating component of the electric field, which depends on the radial coordinate and m θ and n φ , the poloidal and toroidal wave numbers. A detailed discussion on the derivation and the validity range of the formula above is given in [12] . Averaging equation (1) on µ, we obtain an ordinary differential equation for the isotropic part F i (v) = 1 2 +1 −1 dµF i (v, µ) of the steady-state distribution function F i (v, µ). For our purposes, the solution of the Fokker-Planck equation for the isotropic part of the minority ion distribution function can be interpreted in terms of two components: the bulk, with temperature close to that of the core plasma ions, and the tail, characterized by asymptotic minority temperature. This can be done because minority ion effects are maximized at E ∼ = 2.5κT i,tail (see discussion at the beginning of section 2.2) and the dominant contribution to Alfvén mode dynamics is due to the minority tail. In the high velocity limit, the analytical Stix's solution is recovered [18] . The analytical solution can be written as F i (v) = Ce −E/κTi,tail , which is a Maxwellian distribution function characterized by a temperature of the supra-thermal tail for the minority species: and subscripts (i, I) refer to minority and majority ions respectively. Once the analytical distribution function of the tail is available, it is also possible to calculate the minority concentration in the supra-thermal tail, which is given by
where (a, x) is the incomplete gamma function and y critical is a dimensionless quantity that depends on the critical energy:
In the above equations, T I,e are the ion majority and electrons temperatures, n I,i,e are the densities of ion majority, minority and electrons, m I,i,e the ion majority, minority and electron mass, respectively, while P abs is the power density coupled to minority ions. Equation (A.5) gives only an approximate analytic expression of the minority tail density characterized by the tail temperature of equation (A.3). Analytical formulae are provided as reference for the exact values computed from the full 2D numerical code solutions and to check how these quantities scale with the plasma parameters. Discussions of 2D numerical calculations of these quantities, which are crucial to determine the parameters characterizing the burning plasma dynamics we are interested in, are given in section 2.
